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Chapter 1

Introduction

1.1 Context

The search for exoplanets is a burgeoning field. To date, 5069 confirmed exoplanets have been
discovered, and most of them during the last decade. Among those planets, 3912 are transiting
planets, meaning that these planets pass in front of their host star as seen from the Earth. The
transit method is the most effective to discover new planets, mostly thanks to the Kepler mission

which is at the origin of many detections. [32]

Figure 1.1 illustrates the cumulative detections per year with the detection methods detailed.

Cumulative Detections Per Year

26 May 2022
exoplanetarchive.ipac.coltech.edu
/3] . .
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Figure 1.1: Cumulative exoplanet detections per year [32].
The different colors indicate the detection method used.
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In this work, we focus on systems where there is already at least one transiting planet candidate.
Assuming that planets in a system have similar orbital planes, if one of the planets is transiting
it increases the probability that the other planets, if any, are also transiting their star. Moreover,
systems with several transiting planets are of particular interest. Indeed, multi-planetary systems
allow a better characterization of their planet’s interiors by exploiting the correlations between the
data of the different planets. [6] They also enable a direct comparison of the planets with one
another to study for example the evolution of some properties (interiors, atmospheres) with the
orbital distance to the star. Since the planets in the same system have been formed in the same

protoplanetary disk, their formation and evolution models are also better constrained. [1]

The goal of this master thesis is to look in TESS (section 1.3) data of systems with already at
least one transiting planet candidate, called "TESS Object of Interest” (TOI), and to scrutinize
their brightness over a period of time (lightcurve) using SHERLOCK (described in chapter 2) to
identify some possible transit-like signals that can hint at the presence of additional planets. The
planets we are looking for may have been missed by TESS automatic detection pipeline, if they
produce transit signals that are below the set detection threshold (SNR=7.1). We thus need to
perform our own transit search using a lower detection threshold in order to find them. Those
planets may have long orbital periods, meaning not many transits observed, and/or small radii,

resulting in shallow transits.

In addition to the condition of systems with already at least one TOI, the targets were also selected
to be compatible with follow up observation by CHEOPS (section 1.4). Ultimately, a selection of

100 targets have been analysed within the framework of this master thesis.

1.2 Transits

Since we are using transits to identify planetary signals in TESS data, it is worth defining some

important concepts [30].

We call an eclipse the obscuration of a celestial body by another one. When the apparent sizes of
the two bodies are very different, we talk about transits and occultations. The situation where the
smaller body passes in front of the larger one corresponds to a transit, while the reverse configura-
tion is called an occultation. In the latter case, the smallest body is completely hidden behind the
other one. If we consider a circular orbit, transits and occultations always go together, but for an

eccentric orbit, we could observe only transits or only occultations.

In order to describe transits, we also need to introduce the contact times. The four contact points
t; — tjy are illustrated in figure 1.2. We can then define the total duration as T;,; = t;y — t7, the full
duration (when the entire disk of the smaller body is in front of the larger one) as Ty,;; = t;;1 — 11,

the ingress duration as T;,, = t;; — 7, and the egress duration as T, = ;, —f7;7. Note that for a
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grazing transit, corresponding to the situation where the disks of the two bodies do not overlap

completely, the second and third contact points do not occur.

The impact parameter "b" is also illustrated in figure 1.2. This quantity is defined as the sky-
projected distance between the centre of the stellar disc and the centre of the planetary disk at
conjunction (i.e. when the two objects are most closely aligned as seen from Earth). The impact
parameter can take values between 0 and 1, corresponding respectively to situations where the
planet crosses the centre or the edge of the stellar disk. The total transit duration will thus depend

on the impact parameter, with a longer duration for b = 0 and a shorter transit duration for b = 1.

AY

4 Trer T

Time

A
 Z

tI 4 II t I tIV

Figure 1.2: Illustration of a transit with the four contact points #; — f;y along with the idealized
lightcurve produced [30].

The condition for an observer to see an eclipse (or transit) is to be positioned in such a way that
the orbital plane of the planet is seen nearly edge-on. More specifically, as the planet orbits its
star, its shadow describes a cone that sweeps out a band on the celestial sphere, and transits are

only visible by observers within this band (figure 1.3). The cone is called the "penumbra” and has
(Rs+Rp)

an opening angle ® with sin® = = —" where R; is the radius of the star, R, the radius of the

planet, and r the instantaneous distance between the star and the planet.
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Celestial

Shadow band

Close-up

Figure 1.3: Shadow band on the celestial sphere and close-up on the penumbra cone [30].

From geometrical considerations, assuming we are in the case of a circular orbit and that R, << R;
(which is usually the case for a planet transiting a star), the probability to have a transit can be
written:
Ry
Ptra = —
a
where a is the semi-major axis of the orbit. Therefore, the probability to get a transit increases
when the value of a decreases. Using Kepler’s third law, this means that the transit method favours

the detection of short-period exoplanets.

When we want to observe transits of exoplanets, we cannot actually see the darker disk of the
planet against the bright disk of the star, like it is the case for instance for Venus in our solar
system. The way to detect those events is then to observe the variation of the flux of the star.
Obviously, the measured flux is the combined flux of the star and the planet. During a transit,
the observed flux decreases since the planet blocks a part of the light coming from the star. The
flux will then increase after the transit and decreases again during the occultation (however this
decrease is much smaller than during the transit). Note that there are two contributions to the
flux coming from the planet: its own (thermal) emission, and the light of the star reflected on its
surface. The general shape of the observed flux during one complete orbit of the transiting planet

is illustrated in figure 1.4.

Assuming that the flux from the planetary disk is negligible compared to the stellar flux, the relative
flux decrease during a transit is given by:
AF, TR}—(nR;—7R}) R}

F; TR? R2

This quantity is the transit depth, corresponding to the § parameter in figure 1.2.

The relation obtained means that the observation of a transit provides us with a direct measurement

of the planet’s radius relative to the radius of the star. Therefore, if one knows Ry, one may
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determine R,. Furthermore, if one can estimate the mass of the planet (typically by using radial

velocity measurements), one can also determine the mean density of the planet, which gives a first
indication about its bulk composition.

star + planet nightside

P transit

star — planet shadow

Figure 1.4: Variations of the combined flux of the star and planet (measured flux) during one full
orbit of a transiting planet [30].

In order to have a first look at the order of magnitude of the relative flux decrease, we can make

the calculation for some planets of our solar system.

For the Earth:

R2  (6.3781 x 10°)?
2 (6.
= D20 X ) 0.008%
R2 ~ (6.957 x 108)2 ’

For Jupiter:

R _ (71492 % 107)* L06%
RZ~ (6.957x108)2 ~

The detection of Earth-like planets around Sun-like stars can thus be difficult with the transit

method but can still be achieved with space telescopes.

Some important observables from a transit light curve are:

* The recurrence of the transit (period)

 The relative change of the stellar flux (transit depth)
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¢ The duration of the transit (transit width)

¢ The mid-transit time (TO)

The period, the transit depth and the transit width are illustrated on a lightcurve, extracted from
TESS data (TOI 34077285), in figure 1.5.

1.004 Sec. 33 TIC34077258)

Period

1.002

1.000

Normalized flux

0.998

—_—

0996 : : Transit width

2205 2210 2215 2220 2225
Time (TBJD)

Figure 1.5: Transit parameters.
Period, transit depth and transit width illustrated on the lightcurve of TOI 34077285, for which
transits are clearly visible.

The main drawback when using the transit method is that periodic variations of the flux can have
other causes than a transiting planet, like eclipsing binaries or variability of the star itself. The

false positive scenarios considered are described in section 2.3.

1.3 TESS

As mentioned in section 1.1, the data used to carry out this work come from the TESS mission

[25]. In this section, I will briefly describe this mission and its observation strategy.

TESS stands for "Transiting Exoplanet Survey Satellite". This mission focuses on the discovery
of transiting exoplanets around bright nearby stars, allowing follow-up measurements of the mass
and atmospheric composition of the planets. In particular, TESS concentrates on main-sequence
stars with spectral types between F5 and MS. Indeed, stars with earlier spectral types are larger,

making more difficult the detection of transiting planets, while stars with spectral types later than
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MS are less abundant and optically faint. Since those bright stars are nearly evenly distributed in

the sky, the choice of an all-sky survey has been made.

TESS uses a 600 to 1000 nm bandpass. The width of 400 nm corresponds to the largest practical
choice for the optical design. This bandpass is centered on the /¢ band but is wider. Since small
planets are more easily detected around small stars, which are cool and red, this explains the choice

of an enhanced sensitivity to red wavelengths.

TESS is in a highly elliptical orbit around the Earth, with a period of 13.7 days. This orbit prevents
the satellite from passing into the Earth’s radiation belt, which could damage the CCDs. This orbit
is also in a 2:1 resonance with the Moon, implying that lunar perturbations are roughly averaged

to zero with the Moon leading or lagging TESS at apogee by ~90°.

TESS has a “stare and step” observation strategy. The satellite points antisolar and observes a
sector with a size of 24° x 96° continuously for about 27 days (corresponding to two orbits). It
takes two years (26 sectors) to observe the entire sky. Each star is observed between 1 month and 1
year, depending on its position on the sky. In this way, stars located where the observation sectors

overlap (e.g. at the ecliptic poles) benefit the longer observation periods.

(@) «— 24" —> (b) (© 27 days
o] Ecliptic // 54 days
pole Y
1’ e 81 daﬁ
\ h ,‘ / 108 days

N )/

/ 4
Ecliptic \ \%’é/ i o

jowi s
latitude 6° Vs viewing zone

Figure 1.6: TESS division of the sky in sectors [25].
The left panel represents a single sector divided into the respective fields of view of the four CCD
cameras. The middle panel illustrates the division of the sky into 26 sectors. And the right panel
shows the duration of observations, taking into account the overlap of the sectors.

TESS cameras have an exposure time of 2 seconds. Pixels in postage stamps around 200,000
preselected stars will be downloaded at 2 minute cadence, meaning that images are summed in
groups of 60 into 120-second stacks. This cadence is short enough to resolve the ingress and
egress for the brighter planet candidates. Full frame images will also be collected at 30 minute

cadence, allowing to perform general variability studies of the other stars in the field of view.

It is worth mentioning that TESS have large pixels (21 arcsec), which can lead to some contam-

ination of the target’s photometry by nearby stars. If one, or more, of those nearby objects show
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some variability, it can result in a false positive signal (see section 2.3).

Since TESS was launched in April 2018, we are currently in the fifth year of observation. Basi-

cally, the observation plan year-by-year [33] is:

* Year 1 (July 2018-July 2019): southern ecliptic hemisphere (sectors 1-13)
* Year 2 (July 2019-July 2020): northern hemisphere observed (sectors 14-26)
* Year 3 (July 2020-July 2021): southern ecliptic hemisphere re-observed (sectors 27-39)

* Year 4: (July 2021-September 2022): part of northern hemisphere re-observed and observa-
tion of the ecliptic (sectors 40-55)

* Year 5: observation of northern hemisphere will be completed, and a new observation of the

southern hemisphere will begin (sectors 56-69)

All TESS data are automatically processed by the SPOC pipeline. They are calibrated, and from
the calibrated data are generated the photometric results for each target. The Planet Search pipeline

is then run and transit signals are searched with a SNR >="7.1 [16].

If the transit detection threshold is exceeded and if transit consistency checks are satisfied, a
Threshold Crossing Event (TCE) is generated. A suite of validation tests is then performed on
each TCE and the light curves are searched for additional TCEs, after modeling and removing
transit signatures. Then, a suite of diagnostic tests is performed on all candidates to aid in dis-
crimination between genuine transiting planets and instrumental or astrophysical false positives
[28].

All the TESS data products are publicly available on the MAST (Mikulski Archive for Space
Telescope) archive [31]. The most promising planet candidates are then given a TOI name and
released publicly on the ExoFOP website [34] with some basic information about the star, planet

candidate(s), follow-up observations etc.

TESS already provided numerous exoplanet discoveries, including some terrestrial-sized planets
such as : a "hot Earth" orbiting the M dwarf LHS 3844 with a very short period of 11 hours [29],
a system of three planets with periods ranging between 2.25 and 7.45 days around the bright M
dwarf L 98-59 [18], a Super-Earth transiting the bright solar-type star 7 Men with an orbital period
of 6.27 days [15], a hot rocky super-Earth and a warm puffy super-Earth with respective orbital
periods of 4.76 and 17.18 days [7]... To date, 233 confirmed planets have been discovered by
TESS. We call "confirmed planets” the ones that have been published in peer-reviewed journals.
While the number of TOIs, which are transit-like events that appear to be astrophysical in origin,
amounts to 5808 at the time of writing [34].

Beside the search for exoplanets, TESS data also provided material for some publications about

other phenomena, such as stellar variability [23] and flares [10].
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1.4 CHEOPS

If a new transit-like signal is found in the TESS data analysed in this work, and if it is convinc-
ing enough, our ultimate goal would be to perform follow-up observations of the target with the
CHEORPS satellite [3]. This mission is briefly described hereafter.

CHEOPS stands for "CHaracterising ExOPlanet Satellite". It was launched in December 2019
and the primary mission is expected to last 3.5 years. While TESS could be compared to Kepler
or Corot, there is a fundamental difference between CHEOPS and those missions: its follow-up

nature.

CHEOPS focuses on obtaining ultra-high precision photometry of bright stars with magnitudes
ranging from 6 to 12 in the V-band, already known to host planets, with a single star being tar-
geted at the time. The goal of this mission is thus not to discover new transiting planets, but to
provide or improve radii measurements for interesting targets. It can also identify prime targets for
future spectroscopic characterization of exoplanetary atmospheres. Those goals were successfully
achieved for example with the hot Jupiter WASP-189b, where an occultation were observed in
addition to two transits, providing some information about its atmosphere along with better esti-
mations of the planetary properties [20]. CHEOPS also allowed to refine the planetary parameters
of the three low mass planets orbiting HD 136352 [5], and to confirm the orbital configuration of
the six planets in TOI-178, where five planets form a chain of Laplace resonances[19]. CHEOPS

is therefore complementary to other transit missions such as TESS.
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Figure 1.7: CHEOPS visibility map [3].

The color code shows the accumulated observation time in days over one year for each possible
pointing direction. The thick black line in the middle is the ecliptic. Zodiacal constellations are
also over-plotted in grey with some other constellations for reference. December, September and
June are specified to indicate at which time of the year a certain region of the sky is observable.



Chapter 2

SHERLOCK

The main tool used to complete this master thesis is SHERLOCK (Searching for Hints of Ex-
oplanets fRom Lightcurves Of spaCe-based seeKers) [24] [35]. The goal of this pipeline is to
ease the process of searching for transiting exoplanet candidates. This is done by minimizing the

manipulation of the data by the user.

SHERLOCK has six modules that respectively allow to: acquire and prepare the light curves from
their repositories; search for planetary candidates; perform a vetting of the most promising sig-
nals; compute a statistical validation; model the signals to refine their ephemerides; and compute
the observational windows from ground-based observatories. The search for candidates 2.1, the
vetting 2.2, and the statistical validation 2.3 are described in the next sections of this chapter. To
execute all these modules, the user only needs to fill an initial yam1 file with some basics infor-
mation such as the star ID, the cadence to be used, etc., and use sequentially a few lines of code to

pass from one step to the next.

2.1 Search for candidates

SHERLOCK uses a multi-detrend approach. The light curve is detrended a number of times, with
different window sizes. This is done with a biweight algorithm from the wotan package. [12]

The idea behind detrending is to remove instrumental and/or stellar noise while preserving the
transit signals. The window size used for the detrending should be short enough to remove the
stellar/instrumental noise but long enough to preserve the transits. This is can be complicated,
especially since we do not know the duration of the transits that we are looking for, and there is
always a risk that detrending will alter the transit signals, in particular short and shallow ones.

This is the reason why SHERLOCK is exploring different detrendings using various widow sizes.

11
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The search for transits is performed with the TLS (Transit Least Squares) algorithm [13]. TLS
searches for transits using a transit-like search function, assuming a realistic shape with ingress,
egress and stellar limb darkening. Thus, it approximates the transit shape more accurately than the
classical BLS (Box Least Squares) algorithm, which uses box functions. TLS has a more sensitive
detection statistic and is optimized to find small planets in large data sets, even if large planets

producing deep transits can also be found with this algorithm.

The TLS algorithm searches for periodic transit-shaped signals in flux measurements. The algo-
rithm operates by phase-folding the data over a range of trial periods, transit epochs and transit
durations. It then calculates the x? statistic of the phase folded curve between the data points of

the respective transit model and the observed values and searches the minimum 2.

The search for planetary candidates with SHERLOCK is an iterative process. For each run, the
most promising signal is selected. Then, the transits corresponding to this signal are masked,
and in the next run we search for a new signal in the remaining portions of the lightcurve. The
process stops when the maximum number of runs is reached, or when the selected signal is not

good enough to continue.

In order to start the search for candidates, we need to provide SHERLOCK with a yaml file

containing all the necessary information relative to the target that we want to investigate.

The main parameters that should be included in the yam1 file are:

 The star ID. Here we use the TIC ID, which is the identifier in the TESS Input Catalog. This
catalog is a collection of sources on the sky, for use by the TESS mission to select target

stars to observe, and to provide stellar parameters useful for the evaluation of transit signals
[27].

* MODE: can be either set to GLOBAL, SECTOR or BOTH. Those three modes respectively
mean that, if several sectors are available, SHERLOCK will run all the sectors together,

separately or both.

 AUTO_DETREND_ENABLE: allows an initial detrend execution against the original light
curve to remove strong periodic trends (due to stellar variability) which might considerably
affect the entire execution of SHERLOCK.

e INITIAL_HIGH_RMS_MASK: if enabled, an initial mask for high RMS (root-mean-square)

areas is applied only to short cadence light curves.

* INITIAL_SMOOTH_ENABLED: if enabled, an initial Savitzky-Golay filter [26] is applied
to smooth and reduce the local noise in the data. This option is only available for the short

cadence light curves.

o INITIAL_HIGH_RMS_TRESHOLD: upper limit for the data RMS deviation computed by
four-hour binning. Data over this threshold is masked.
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e DETREND_L_MIN: minimum detrend window to build the detrends set.
e DETREND_ L. MAX: maximum detrend window to build the detrends set.

* DETREND_NUMBER: number of detrend models to be generated from the original light

curve.
* DETREND_CORES: number of CPU cores to detrend the original light curve.
e CPU_CORES: number of cores used during the search process.

¢ MAX_ RUNS: maximum number of runs of SHERLOCK.

* SNR_MIN: signal-to-noise ratio threshold for a candidate to be accepted and finish the

execution.

* SDE_MIN: SDE (signal detection efficiency) threshold for a candidate to be accepted and

finish the execution. SDE characterizes how confident we can be in the detection.
¢ PERIOD_MIN: minimum period for the search period grid.
* PERIOD_MAX: maximum period for the search period grid.

* INITIAL_MASK: if enabled, a mask is applied to the time ranges specified. It can be used
in case of an anomaly in the lightcurve, or to mask deliberately some events.

o INITIAL_MASK_TRANSIT: if enabled, this feature allows to mask manually transiting
candidates. We need to provide the epoch, the period and the duration of the transit.

* BEST_SIGNAL_ALGORITHM: this specifies the algorithm used to decide which signal
is the best one for each run. Basically, SHERLOCK will select the signal with the highest
SDE from all the detrended light curves. The quorum algorithm will also take into account

the number of detrends that selected the same signal.

Note that SHERLOCK will use by default parameters of the host star given by the database used.
But it is also possible to specify the values that we want to use for the mass, radius and effective

temperature of the star.

We can look at an example of this file for TIC 34077285, filled with typical values used for this

work.

The SNR and SDE thresholds are deliberately set to low values. The reason is that we are look-
ing for planetary candidates that may have been missed by TESS automatic detection pipelines.
Therefore, they probably have rather low SNR and/or SDE.

The signal to noise ratio is defined by SNR = %nl/ 2 with d the mean transit depth, o the standard
deviation of the out-of-transit points, and n the number of in-transit points.
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TARGETS:

TIC 34077285:
#MODE: BOTH
MODE: GLOBAL
#MODE: SECTORS
AUTO_DETREND_ENABLED: False
INITIAL_HIGH RMS_MASK: False
INITIAL_SMOOTH_ENABLED: True
INITIAL_HIGH RMS_THRESHOLD: 2
DETREND L MIN: @.2
DETREND L MAX: 1.2
DETRENDS_NUMBER: 10
DETREND_CORES: 35
CPU_CORES: 35
MAX_RUNS: 5
SNR_MIN: 5
SDE_MIN: 5
PERIOD_MIN: ©.2
PERIOD_MAX: 3@
BEST_SIGNAL_ALGORITHM: quorum

Figure 2.1: An example of the yam1 file used to analyse the TIC 34077285.

In order to compute the signal detection efficiency, the TLS calculates the signal residue (SR)
from the distribution of minimum x?2 as a function of the period. The signal detection efficiency

distribution as a function of the period SDE(P) is then:

1— < SR(P) >

SDE(P) = o (SR(P))

With < SR(P) > the arithmetic mean, 6(SR(P)) the standard deviation and SR .« the peak value
of SR(P). An SDE value of x for any given P means that the statistical significance of this period

is x * ¢ compared to the mean significance of all other periods.

The maximum number of runs is almost always set to 5. This is because of the iterative nature
of the process, which keeps removing for each run the parts of the lightcurve corresponding to
transits of the most promising signal. In short, the more we run the search stage, the less data are
left.

Concerning the auto detrend, the initial high RMS mask and the initial smooth options: we chose
to use them or not on a case-by-case basis. In order to decide, before running the full search
process, whether or not those parameters should be enabled, one can only run the preparation

stage with the command:
python3 —-m sherlockpipe ——-properties prop.yaml —--explore
With "prop.yaml" being the yam1 file containing all the properties.

Once the parameters are adjusted, one can run the whole searching process by using: python3

-m sherlockpipe —--properties prop.yaml
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Once this search stage is over, SHERLOCK produces a new directory containing:

* A directory for each run, containing plots of the detrended fluxes and their suggested tran-

sits, along with the corresponding lightcurve in csv files

* A directory with the field of view (FOV), if available, to inspect the neighbourhood of the
target

* A directory with the RMS masking plots, only if the high RMS mask is enabled
* A directory with plots of the detrending models for each window sizes

* A Lomb-Scargle periodogram and the phase folded over the strongest peak to identify vari-
ability that needs to be corrected

» The object report file where the entire log of the object run is written

* The report log containing a summary of the parameters of the most promising candidates

for each run.

In order to better understand those items, we show below some examples of what we obtained for

some of our targets.

Two fields of view of two different stars from our target list are illustrated in figure 2.2, with our
target at the centre, the aperture used by TESS SPOC pipeline to extract the lightcurve and the

relative magnitude of the stars in the vicinity.

The left image shows a relatively isolated star with a small nearby star, while in the right image

we see the presence of a bright star near the target. Nearby stars can contaminate the flux of the
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target. Observing an isolated star is thus the ideal scenario.

Coordinates TIC 167661160 - Sector 32 Coordinates TIC 311271011 - Sector 32
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Figure 2.2: Field of view plot examples.
The color code corresponds to the flux in each pixel, the pinkish squares around the target
correspond to the extraction aperture used and the red points are nearby stars, with the size of the
point indicating the difference in magnitude with the target.

For the following items, we are going to take the example of TIC 34077285. For this star, we

obtained in the detrend directory the image in figure 2.3.

In figure 2.3, we see for each window sizes the non-detrended data in black, with the detrending
model plotted in orange. The detrended lightcurves are then obtained by dividing the raw, non-

detrended, data by the orange curve.

The periodogram plot (figure 2.4) shows a Lomb-Scargle periodogram, used to generate a power
spectrum from unevenly-spaced observations. The highest peaks correspond to the strongest peri-

odic components.
We can look at what we obtained in the report log for the first run. This is illustrated in table 2.1.

Each row corresponds to a detrending with a different window size and the columns are:

Window size used for the detrending (in days)

Period of the transits in days

Error on the period in days

Number of transits observed in the data
* Mean depth of the transits in ppt

¢ Duration of the transit in minutes
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* Epoch of the transit (T0) in BTJD (TESS Barycentric Julian Day)
* SNR: the higher the value, the better it is
* SDE: the higher the value, the more confident in the detection we are

* False alarm probability (FAP): a low value indicates that the event is unlikely of instrumental

nature

* Border score: this value ranges from O to 1, corresponding respectively to the worst and the
best scenario. A border score lower than 1 means that at least one of the transits is on the
edge of the dataset. In borders, there are systematics, and therefore any detection matching

with them is less reliable.

» Matching OI: if the signal matches a candidate planet of the database (TOI), its ID appears

in this column
* Harmonic: this indicates if the period is an harmonic of a previous signal
* Planet radius in Earth radii

* R,/Ry: planet-to-star radius ratio, calculated from the transit depth under the assumption of

zero transit impact parameter
* a: Semi-major axis in astronomical units

» Habitability zone. This zone is calculated using the effective temperature and the lumi-
nosity of the star [17]. The possible outputs are: I=inner, HZ-I0=Habitable Zone (Inner
Optimistic), HZ=Habitable Zone, HZ-OO=Habitable Zone (Outer Optimistic)
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Figure 2.3: TIC 34077285 detrending models for all window sizes.
Fluxes are shown as black data points and the orange lines show the bi-weight detrending models
with the corresponding window sizes given above each plot.
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In our example, we see that a signal with a period of 6.39018 days is retrieved in all the detrend-
ings. Note that we do not always find the same period for all the widow sizes, but it is a sign
that the signal is reliable since it does not depend on the detrending. This planetary candidate is
already in the database and corresponds to TOI 880.01. The signal here is all the time the same
since it is recovered in all the detrends. The elected one, that is, with the window size of 0.3 days,

represents the optimum detrend to recover such a planet.

We can look at the image of the corresponding detrended light curve in figure 2.5. On the upper
panel, we see the normalized detrended flux for all the sectors available (or selected) along with
the suggested transits fitted in red. On the second panel, we have the stacked phase-folded fluxes
over the period detected. This gives us a first look at the shape of the transits. On the lower panel,
we have a plot of the SDE. The period selected is the one corresponding to the highest peak in the
graph. The blue dotted lines are the harmonics of the selected period. In our example, we see that

the harmonics are matching some peaks in the plot, which is a hint that the signal is promising.

Run 1# win_size:0.3000 # P=6.39d # T0=2205.67 # Depth=2.6329ppt # Dur=177m # SNR:105.36 # SDE:24.17 # FAP:0.000080
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Figure 2.5: TIC 34077285 run 1 win_size 0.3

Those 4 transits will then be masked and SHERLOCK will search a new significant periodic signal

in the data that are left. The process continues until we reach the maximum number of runs or
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until the next signal is below the SDE or SNR thresholds that we fixed in the properties file.
The report log summarizing the signals selected in each of the runs is illustrated in table 2.2.

The signal selected in the second run has a period of 2.5724 days, corresponding to TOI 880.02
and the best signal in the third run matches TOI 880.03 which has a period of 14.32196 days.
All three TOIs known for this target are thus retrieved in the first three runs, meaning that all the
corresponding transits have been masked. If a signal looks promising in run 4 and/or in run 5, it

could then be a new detection, which is what we are looking for.

Unfortunately, in run 4 we do not retrieve the same period for all the detrendings, and the shape
of the stacked transits does not look very convincing. And for the run 5, the selected signal is an
harmonic of TOI 880.01, meaning that it corresponds to the same signal with an harmonic of the

period. Therefore, those signals are not promising enough to take them to the next step.

2.2 Vetting

In case one of the signals looks promising, based on the criteria mentioned in the section 2.1, the
next step is to perform the vetting of the corresponding candidate. This stage will allow us to
examine the suggested transits individually, and to check if those events could have been caused

by external factors, from instrumental or astrophysical origin.
We can run the vetting process by using the command:
python3 -m sherlockpipe.vet ——-candidate ${theCandidateNumber}

In this way, the parameters of the transits obtained in the first step will be automatically read and

used.

The vetting stage provides us with several graphs and images gathered in a report. In order to
have an example of those items, let us imagine that we want to vet the third selected signal in our
previous example (TOI 880.03 with P=14.322d).

The first graph in the report document is the transits depth analysis (figure 2.6). Each point corre-
sponds to a single transit (in our example, there are only two of them). We need to check that the
depths of all the individual transits are consistent. Indeed, for a transiting planet we should have
transits of consistent depths since we observe the same object passing in front of the star. If one
transit in particular has a different depth compared to the others, then it may not be related to them
or be affected by more systematics. And if we observe that the depth alternates between the even
and odd transits, this can be a hint for eclipsing binaries. Indeed in this case, the transit depth will

depend on which star is in front of the other and their characteristics.
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TIC 34077285 Transits depth analysis T0=2206.34 P=14.32d

0.70 4

0.65 4 Depth Mean
Depth 1-sigma confidence
Depth Mean Even
Depth Mean Odd

® Even transits

0.60 ® Odd transits

Depth (ppt)

0.55 4
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Figure 2.6: TOI 880.03 single-transits depths plot.
The red and blue lines are respectively the depth means of the even and odd transits. The purple
line is the depth mean of all the transits, and the doted purple lines indicate the 1-sigma
confidence on the depth mean.

The second plot (figure 2.7) is the folded curve at the epoch of the transit TO (inferior conjunction)

and at superior conjunction. This will allow us to check if the period selected is the right one.

In the first row, the selected period for the candidate (P=14.322d) is considered. If this period is
correct, we should see a transit in the first graph, and a flat flux for the second graph. Indeed, if
transits are observed at superior conjunction, it would mean that the period selected is twice the

real one or this could indicate an eclipsing binary.

For the second row, we consider the first harmonic of the period (P*2). If the selected period is

correct, we should see a transit in both panels, which is the case here.

The third row shows the folded curve for the first subharmonic (P/2). For this part, we should
see on the first panel a superposition of a flat flux with a transit. In the second graph, we should

observe a flat light curve.

The next figures of the vetting report will enable us to explore individually each suggested transit.

We will look at the graphs generated for the first transit of our example.
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TIC 34077285 Folded Curve with P=14.32 and T0=2206.34
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TIC 34077285 Folded Curve with P=14.32 and T0=2213.50
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In figure 2.8, the top-left plot is the photometry of the transit. With this figure, we can look at
the shape of each individual transit. This gives us a new hint to rule out, or not, an eclipsing bi-
nary. Indeed, eclipsing binaries will lead to V-shaped transits while transiting planets will produce
U-shaped transits. This is because for eclipsing binaries, the sizes of the eclipsing bodies are com-
parable (unlike a transiting planet which is smaller than its host star), the geometry of the eclipse
is thus grazing. Therefore we lack the quasi-flat total phase of a planetary transit, and the resulting
transit is V-shaped. [4]

If there are any momentum dumps during the time of the transit they will be indicated on this plot
by a dashed vertical line. Indeed, the accumulated momentum of the reaction wheels (controlling
the spacecraft attitude) needs to be dumped at some point. This is done every 2 — 2.5 days and
typically lasts around half an hour. These momentum dumps can affect the satellite pointing and

the observed lightcurve. Therefore, we need to check that the transits do not match one of them.

The top-center and top-right figures show the X-axis and Y-axis positions of the centroid. The
full duration of the transit is included in between the two red lines, corresponding to the first and
the fourth contact points (T1 and T4). We see the changes in position of the brightest point in the
aperture, with the black points showing the position of the target’s flux-weighted centroid, and the
red points showing the local motion. In other words, these graphs show the pointing stability of
TESS at the time of the transits. Smooth variations are expected but a large scatter of the points at

the time of the transit-like event can be a sign that the transit is not real.

The bottom-left and bottom-center figures show a comparison of lightcurves extracted using dif-
ferent aperture sizes. If the transit-like event is caused by a planet, using different aperture sizes
should not change the transit shape or depth. Conversely, the depth and shape are expected to
change if the signal is due to a blended eclipsing binary. This is because for blended binaries, the
signal is not centered on the target and instead originates from elsewhere in the field of view, thus
resulting in different shapes and depths of the signal with different apertures. The orange points
in the left plot are extracted using the red aperture in the center plot while the green points are

extracted using the smaller black aperture.

The bottom-right plot shows the evolution of the background flux. The transit takes place between
the red lines. Smooth variations of the background flux are expected. However, we need to look
if there is any sudden change. If a spike is matching the time of the transit, the observed event
is probably only due to something happening in the background, like enhanced scattered light or

asteroids passing through the field of view. In our example, the background flux looks good.

The last figure that we will find in the vetting report for each transit is the individual pixel
lightcurves (figure 2.9). This figure shows individual lightcurves for each pixel at the time of
the transit. The red lines are delimiting the photometric extraction aperture. The idea here is that
the transit signal should come from pixels that are centered on the target. If the transit-like signal is

more prominent in pixels that are not centered on the target star, this could suggest that the signal
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is caused by a blended eclipsing binary. In our example, most of the lightcurves of the other pixels
look good, but we can still note some flux variations in the upper left corner. However, these pixels
are relatively far from the photometric aperture and seem to show some periodic stellar variability
rather than an eclipse-like event at the expected TO. It is thus unlikely that they are the cause of

the transit-like signal observed on the target.

Having all those graphs gathered in a single report is very convenient to rule out transit-like events
that are in fact due to external factors. However, the outcome can sometimes be ambiguous and

the final decision to rule out, or not, the signal remains at the discretion of the user.

Target ID: 34077285, 2206.08 - 2206.60 [BT)D days]

1335
i

Flux / Row {pixel}
.

1325

608 Tirme [ Column (pixel] 618

Figure 2.9: TOI 880.03 individual pixel lightcurves.

2.3 Validation

In case our signal still looks promising after the vetting, we can execute a statistical validation

with the command:

python3 -m sherlockpipe.validate —--candidate ${theCandidateNumber}
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This step is done by using TRICERATOPS (Tool for Rating Interesting Candidate Exoplanets
and Reliability Analysis of Transits Originating from Proximate Stars) [9]. The basic idea is to
model different astrophysical scenarios that can produce transits, taking into account nearby stars

in addition to the target, and see which scenario fits better the observed shape of the transit.

After running this validation step, we obtain two parameters: the false positive probability (FPP)
and the nearby false positive probability (NFPP). The criterion to classify a signal as a "likely
planet" is: FPP < 0.5 and NFPP < 1073, And to be classified as a validated planet we must have:
FPP < 0.015 and NFPP < 107,

The TRICERATOPS team tested their tool on a sample of 68 TOIs that have been designated
as either confirmed planets or astrophysical false positives by members of the TESS Observation
Follow-up Program (TFOP) based on follow-up observations. They defined the classifications
based on the results of this analysis. They also cross-checked their criteria by comparing their

results with another statistical validation tool devoted to Kepler mission (VESPA) [9].

In order to compute those probabilities, TRICERATOPS collects the data of the stars in a radius
of 10 pixels around the target and identifies which ones are bright enough to contribute to the
observed signal, based on the measured transit depth and the aperture used for the photometric
extraction. We can use again the target TIC 34077285 as an example, and perform the validation
for the third candidate (P=14.322d). The plot of the 10 pixels radius field of view for our example
is shown in figure 2.10. The aperture used for the extraction is plotted in red and our target is

represented by the star symbol. The stars are color-coded as a function of their TESS magnitude.
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Figure 2.10: Stars within 10 pixels around TIC 34077285.
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H Scenario Configuration H
TP No unresolved companion. Transiting planet with P,,;, around target star.
EB No unresolved companion. Eclipsing binary with F,,;, around target star.
EBx2P No unresolved companion. Eclipsing binary with 2 x P,,;, around target star.
PTP Unresolved bound companion. Transiting planet with P,,;, around primary star.
PEB Unresolved bound companion. Eclipsing binary with P,,;, around primary star.
PEBx2P  Unresolved bound companion. Eclipsing binary with 2 x P,,;, around primary star.
STP Unresolved bound companion. Transiting planet with F,,;, around secondary star.
SEB Unresolved bound companion. Eclipsing binary with P,,;, around secondary star.
SEBx2P  Unresolved bound companion. Eclipsing binary with 2 x P,,;, around secondary star.
DTP Unresolved background star. Transiting planet with P,,;, around target star.
DEB Unresolved background star. Eclipsing binary with P,,, around target star.
DEBx2P Unresolved background star. Eclipsing binary with 2 x P,,;, around target star.
BTP Unresolved background star. Transiting planet with P,,, around background star.
BEB Unresolved background star. Eclipsing binary with P,,;, around background star.
BEBx2P Unresolved background star. Eclipsing binary with 2 x P,,;, around background star.
NTP No unresolved companion. Transiting planet with P,,;, around nearby star.
NEB No unresolved companion. Eclipsing binary with P,,;, around nearby star.
NEBx2P No unresolved companion. Eclipsing binary with 2 x P,,, around nearby star.

Table 2.3: Transit-producing scenarios [9].

The transit-producing scenarios tested by TRICERATOPS are listed in table 2.3.

The probability of each of these scenarios is calculated using a Bayesian framework, and thus

using the Bayes theorem:
p(S8;ID) =< p(S;)p(D|S;)

where p(S;|D) is the posterior probability of the jth scenario S; given the datat D, p(S;) is the
prior probability of scenario S;, and p(D|S;) is the marginal likelihood of the data D given the
scenario S;. After calculating p(S;|D) for each scenario, the relative probability of each scenario

is determined using the equation:
__p(sD)
) =
Y p(5,ID)
J

Using those probabilities, the FPP and NFPP are then calculated. The FPP value is given by:
FPP =1 — (Prp+ Perp+ Porp)

Where P; is the relative probability of scenario j.

This quantity can thus be understood as the probability that the transit is caused by something

else than a transiting planet around the target star. The NFPP is given by the sum of all scenarios
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involving nearby stars:

NFPP = )" (Pvrp + Pyes + Pyepar)

NFPP represents the probability that the observed transit is produced by a resolved nearby star

rather than the target star.

For the calculation of the final FPP and NFPP values, five points are drawn from the probability
distribution of each scenarios and are used to compute five values of NFPP and FPP, using the
equations described previously. The final FPP and NFPP are then the respective mean of those

five values.

In addition to FPP and NFPP, two quantities called FPP2 and FPP3+ are provided. These are
false positive probabilities taking into account that the candidate for which we are performing
the validation is in a system with respectively one or more planets already discovered. Indeed,
a transiting planet candidate in a multi-transiting system has a higher prior probability to be a
real planet. This is what is called "multiplicity boost" [21], and this is of particular interest for
this master thesis since we are focusing on systems with at least one previously known planetary

candidate.



Chapter 3

Results

3.1 Target selection

The very first step of this work was to select the targets to analyse. We started from the list of
all TOIs (about 5600 objects) and used the ExoFOP website [34] to directly apply filters to this
list. This website is a repository allowing the upload and display of exoplanet candidates related

resources.

Our list of targets was obtained using the following filters:

» TESS disposition: contains CP (confirmed planet) OR PC (planetary candidate)
* TFOPWG disposition: contains CP OR contains PC

* TESS magnitude: < 11.5

* Source: spoc (TESS Science Processing Operations Center)

e Declination: > -40° AND < 40°

* Planet Radius: < 6 Rg

* Stellar Teff: > 4000 K AND < 7000 K

The first two filters ensure that our initial condition to have targets with already one candidate or

confirmed planet is fulfilled.

The limitation of the declination arises from the will to perform follow-up observations with
CHEOPS, which does not cover the entire sky (see figure 1.7).

29
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The filters about TESS magnitude and stellar Teff are also related to CHEOPS, which was designed
to observed V-mag < 12 solar-type (F to K) stars.

The condition on the planet radius aims to rule out hot Jupiters, which tend to be "lonely". Indeed,
most of them do not seem to have nearby companion planets [14] (with a few exceptions like
WASP-47 [2]). A possible explanation is that companion planets (if they existed) were destroyed
during the inward migration process that led the hot Jupiters to their current short-period orbits.
[22]

Applying those filters, we obtained a list of 158 TOIs. Among those targets, we prioritized the
multiple systems and and the Level 1 candidates, that can be used to complete the TESS Level One
Science Requirement, which is to measure masses for 50 transiting planets smaller than 4 Earth
radii. On the contrary, the lowest priority was given to potential eclipsing binaries with V-shaped
transits. We finally ended up with the 100 targets analysed in this master thesis. All the targets are

listed in appendix A, in the order of their analysis.

3.2 Presentation of the results

We performed the search stage (section 2.1) for all the 100 targets of our list. Before searching for
new candidates, the first goal is to make sure that SHERLOCK retrieved and masked correctly all
the transits corresponding to already known TOls for each target. If it is not the case, we have two

ways to mask the transits manually from the yam1 file:

* The initial mask, where we can specify directly which intervals we want to mask. This way
of proceeding is convenient if we have only a few transits that are deep enough to be easily

identified in the lightcurve.

 The initial transit mask, for which we need to provide the epoch, the period and the duration
of the transit. To find those parameters, we can either look directly in the ExoFOP database,
or "force" SHERLOCK to retrieve the TOI using a reduced period grid centered on the

corresponding period, and then use the parameters obtained to mask the TOIL.

Once TOIs are masked, by SHERLOCK or manually, the search for new planetary candidates
can start. Out of the 100 targets of our list, 20 presented signals interesting enough to run the
vetting (section 2.2) and validation (section 2.3) steps. Among those 20 candidates, 7 are clas-
sified as "likely planets" based on the FPP and NFPP values obtained at the validation step. In
addition, 4 candidates out of the "likely planet zone" are also worth discussing. All the candidates

corresponding to color points in figure 3.1 will be discussed hereafter.
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Figure 3.1: FPP and NFPP of the 20 most promising candidates.

TIC ID Period of the candidate (days) | FPP < 0.5 ? | NFPP < 10732
357501308 11.24 v X
357501308 15.40 v X
306263608 22.04 v X
144401492 7.97 v X
347332255 12.99 v v
114018671 7.77 X X
368435330 1.04 X X
180695581 21.88 v v
381714186 4.02 v v
16884216 15.78 v v
39200363 14.06 v X
271478281 12.48 v X
425561347 15.29 v X
82452140 14.68 v X
70420766 2.55 v X
10837041 18.76 v v
146523262 4.43 v v
262435954 5.89 v X
167661160 7.17 v X
37749396 2.31 v v

Table 3.1: 20 most promising candidates.

31



Results 32

Among the discussed candidates, 4 actually correspond to new planet candidates also found by
other teams and that we recovered independently and blindly (i.e. without knowing anything
about their existence) during this work. These candidates are discussed in sections 3.2.1 (TIC
347332255), 3.2.8 (TIC 357501308), 3.2.9 (TIC 368435330) and 3.2.11 (TIC 306263608).

All the 20 candidates corresponding to a point in figure 3.1 are listed in table 3.1, with the corre-

sponding orbital period proposed for the candidate.

3.2.1 TIC 347332255

TIC 347332255 already has two known planet candidates: TOI 1835.01 and TOI 1835.02, which
have not been confirmed yet. Note that the second planet candidate is proposed to be a single-
transit detection. This TOI can thus not be retrieved alone by SHERLOCK, since it searches for
periodic signals, and we have to mask it manually. The period of TOI 1835.01 is P = 5.64195 +
0.00114 days.

TIC ID Sector(s) | Mass (M_Sun) | Rad (R_Sun) | Teff (K) | Lum (L_Sun) | Log(g)
347332255 23 0.91 0.782 5297 0.434 4.610

Existing TOI(s) | Period (days) | Radius (R_Earth)
TOI 1835.01 5.642 1.824
TOI 1835.02 / 2.539

Table 3.2: TIC 347332255 stellar and TOI parameters.

On our first attempt to run the search for candidates, TOI 1835.01 is retrieved in the second run.
In the first run, the signal selected mixes of new transit-like events with one transit of TOI 1835.01
(which is not masked before the run 2). The period proposed can thus not be correct, and we make

a second attempt masking this time the two TOlIs.

In figure 3.2, we can see the raw lightcurve and the ranges of time masked manually. We can
already see by eye on this plot that there are other potential transits, even if there is some variability

in the lightcurve.

Using these masks and running again the search stage, the candidate that we retained is the selected

signal of the first run. Its parameters are given in table 3.3.
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Figure 3.2: TIC 347332255 initial masks.

Win_size. | Period | Per_err | N.Tran | Duration TO Depth | SNR | SDE
1.0 12.9937 | 0.11320 2 222.17 | 1935.98 | 0.935 | 49.48 | 10.18

FAP Border_score | Planet radius | R,/R; | Semi-major axis | Habitability zone
0.000080 1.00 2.61298 0.02993 0.10502 1

Table 3.3: TIC 347332255 candidate parameters.

We decided to investigate further this candidate because of the high SNR, the convincing shape
of the stacked transit and the subharmonics visible in the SDE plot (figure 3.3). In addition, the

border score is good and the same period is retrieved in 9 of the 10 detrendings.

From the transit depth plot in the vetting report 3.6, we can see that the depths of the two transits
are not consistent. The folded curve indicates that the period proposed seems correct. From the
individual transit plots, we can see that the two transits have different shapes. Furthermore, the
first one does not have the shape expected for a real transit, and a momentum dump is visible just
after the event. However, the second transit seems very clear and the vetting plots do not reveal

any anomaly (figure 3.5).

From the validation we obtained the values listed in table 3.4, with the three most probable sce-
narios. Based on those values, this candidate is thus statistically validated. The value of the NFPP
can be explained by the fact that this star is very isolated. The values obtained corresponds to the

dark blue point in figure 3.1.
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Run 1# win_size:1.0000 # P=12.99d # T0=1935.98 # Depth=0.9352ppt # Dur=222m # SNR:49.48 # SDE:10.18 # FAP:0.000080
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Figure 3.3: TIC 347332255 run 1 win_size 1.0
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Figure 3.5: TIC 347332255 vetting plots of the second transit.
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Figure 3.6: TIC 347332255 single-transits depths plot.

Scenario FPP NFPP TP PTP DTP
Probability || 0.01408 | 0.0 0.77587 | 0.12203 | 0.08803

Table 3.4: TIC 347332255 FPP, NFPP and three most probable scenarios.

In conclusion, the first transit can be ruled out but the second one seems real. Our period of 12.99d

is therefore inaccurate and this event could be a single-transit detection.

When we analysed this candidate, only the data from sector 23 were available, but the target has
also been recently re-observed by TESS in sector 49 (from 2022-Feb-26 to 2022-Mar-26). These
data were released early May 2022 and a quick analysis by some members of the CHEOPS team
(private communication with Hugh Osborn) revealed another single transit in this sector, whose
depth and duration matched those of the single transit event detected in sector 23 (that they had
also detected independently). Follow-up observations with CHEOPS in the following weeks in
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May then allowed to recover an orbital period of 20.5 days for the third transiting object in this
system. The single transit event that we detected completely independently in sector 23 was thus

a real transit detection.

3.2.2 TIC 180695581

TIC 180695581 has one confirmed planet: TOI-1807 b [11]. In addition to sectors 22 and 23, this
star has been observed in sector 49. However, the data from this last sector were not part of our

analysis since they were only released at the beginning of May.

TIC ID Sector(s) | Mass (M_Sun) | Rad (R_Sun) | Teff (K) | Lum (L_Sun) | Log(g)
180695581 22,23 0.73 0.741 4612 0.224 4.562

Existing TOI(s) | Period (days) | Radius (R_Earth)
TOI-1807 b 0.549 1.258

Table 3.5: TIC 180695581 stellar and TOI parameters.

For this target, the preparation stage revealed a strong periodic variability. Its period has been
estimated to 4.3265d, using a Lomb-Scargle periodogram. An auto-detrend was then applied with
the corresponding period to remove this variability. This is likely due to star spots, which are
characteristic of young stars such as TIC 180695581 (180 £ 40 Myr) [11].

TOI-1807 b has a period P = 0.54934 £0.00004 d and was successfully retrieved and masked in

the first run.

The candidate that we investigate was selected in the second run, with the parameters in table 3.6.

Win_size. | Period Per_err | N.Tran | Duration TO Depth | SNR | SDE
0.4 21.8844 | 0.04641 2 166.29 | 1906.02 | 0.460 | 15.55 | 44.09

FAP Border_score | Planet radius | R,/R; | Semi-major axis | Habitability zone
0.000080 1.00 1.73642 0.01980 0.13813 I

Table 3.6: TIC 180695581 candidate parameters.

This signal is retrieved in 8 of the 10 detrendings. It has a high SDE and SNR and a good border
score. Note that the reason for which the SDE plot looks "empty" in figure 3.7 is because the
period of the confirmed planet is very short, meaning that we removed a lot of segments from the
lightcurve. This is also partly responsible for the very high value of the SDE. We see in figure 3.7
that the transits are not very deep, but they still stand out of the local variability in the graph of the
stacked transit fluxes.
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The transits depth plot from the vetting shows that the depths are consistent, with transit depths
values: 0.44 £ 0.04 ppt and 0.48 4+ 0.03 ppt. However, the first transit matches a momentum
dump, there is another momentum dump right after the second transit, and their individual shape
is not clear. We also see some scattering of the points in the graph of the position of the centroid,

showing that the momentum dumps probably affected the observed lightcurve.

Run 2# win_size:0.4000 # P=21.88d # T0=1906.02 # Depth=0.4605ppt # Dur=166m # SNR:15.55 # SDE:44.09 # FAP:0.000080
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Figure 3.9: TIC 180695581 vetting plots of the second transit.

With the validation stage, we obtained the FPP and NFPP values listed in table 3.7, which places
our candidate at the upper border of the "likely planet zone" in figure 3.1 (purple point). Note that
the FPP value can be improved since one planet is already confirmed in the system. As explained at
the end of section 2.3, we can then use the FPP2 value instead of the FPP one, with FPP2=0.00329.
Since we then have FPP < 0.015 and NFPP < 1073, this candidate is statistically validated.

Scenario FPP FPP2 NFPP TP PTP STP
Probability || 0.07617 | 0.00329 | 0.00092 || 0.75392 | 0.12675 | 0.05570

Table 3.7: TIC 180695581 FPP, NFPP and three most probable scenarios.

In conclusion, for this candidate, we do not completely rule it out regarding the statistical valida-
tion based on the TRICERATOPS criteria, but it is not a priority target for further observations
since some elements of the vetting are not in favor of a real detection. Moreover, the TESS sector
49 data will help to investigate further this possible candidate, and they should be analysed first

before planning any other follow-up observations.

3.2.3 TIC 381714186

TIC 381714186 has one candidate planet: TOI 1839.01 which has not been confirmed yet. This
candidate was correctly retrieved in the first run, and its period is P = 1.42482 4+-0.00023 d.

TIC ID Sector(s) | Mass (M_Sun) | Rad (R_Sun) | Teff (K) | Lum (L_Sun) | Log(g)
381714186 23,46 0.93 0.848 5382 0.544 4.551

Existing TOI(s) | Period (days) | Radius (R_Earth)
TOI 1839.01 1.425 2.470

Table 3.8: TIC 381714186 stellar and TOI parameters.
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The signal that we retained is the one selected in the second run (table 3.9). The same period is
retrieved in all of the 10 detrendings with both good SNR and SDE. The stacked transit fluxes
(figure 3.10) show that there can be some variability. However, the presence of some harmonics

and subharmonics in the SDE plot encourages us to continue with vetting and validation steps.

Win_size. | Period | Per_err | N.Tran | Duration TO Depth | SNR | SDE
0.2 4.0240 | 0.00032 10 80.09 1933.73 | 0.400 | 14.08 | 22.49

FAP Border_score | Planet radius | R,/Ry; | Semi-major axis | Habitability zone
0.000080 1.00 1.85129 0.01564 0.04849 I

Table 3.9: TIC 381714186 candidate parameters.

The depths of the ten transits are consistent, with the exception of one outlier (figure 3.11) but it
has a large error bar. The third transit (T0=1949.83 BTJID) is the only one matching a momentum
dump. For all the other transits, the background, the position of the centroid, and the individual
lightcurves in the target pixel file reveal nothing worth mentioning. However, the shapes of the
single transits look more like variability than real transit events (see for example figure 3.12 for

the second transit).

In order to clarify the ambiguous results for this candidate, we decided to analyse separately the
two sectors available (sectors 23 and 46). In this way, if we retrieve the same candidate with a
period P = 4.0240d for both sectors independently, it will be an additional hint in favor of a real
transiting planet. Note that this can be done because of the small period of the candidate, implying

that we can observe several transits in only one sector.

The periods selected for each sectors are listed in table 3.10. The period selected in the first run
for both sectors corresponds to the candidate planet TOI 1839.01. However, we see that the 4.02d-
period of our second candidate is retrieved in sector 46 but is not present in sector 23. However, we
notice that the period of 16.10d in run 4 of sector 23 could be an harmonic of the candidate (P*4).
After checking the epochs of the transits, we can say that the two transits with the 16.10d-period

are indeed matching transits of our candidate.
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Run 2# win_size:0.2000 # P=4.02d # T0=1933.73 # Depth=0.3996ppt # Dur=80m # SNR:14.08 # SDE:22.49 # FAP:0.000080
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Figure 3.11: TIC 381714186 single-transits depths plot.
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Figure 3.12: TIC 381714186 vetting plots of the second transit.

Run Period

Sector 23 | Sector 46
1.4244 1.4245
9.3418 4.0219
2.5040 14.1792
16.1056 3.8504
7.9338 19.6005

N W =

Table 3.10: Comparison of sectors 23 and 46 run independently.

Even if some elements previously discussed are in disfavor of the reliability of this candidate, we
obtained good results for the statistical validation (table 3.11). This candidate is then classified as

"likely planet” regarding those values (red point in figure 3.1).

Scenario FPP NFPP TP PTP STP
Probability || 0.21133 | 0.0 0.59716 | 0.13568 | 0.08453

Table 3.11: TIC 381714186 FPP, NFPP and three most probable scenarios.

The results obtained for the two sectors run separately are a hint toward a real detection, but the
period is still to determine. This star has been further observed by TESS in sector 50 (from 2022-
Mar-26 to 2022-Apr-22). The analysis of these additional data, which have just been released at
the time of writing these lines (end of May 2022), will help us to confirm, or not, that this candidate

is real.

3.24 TIC 16884216

TIC 16884216 has one not yet confirmed planet candidate: TOI 2023.01, with a period P =
11.19005 £0.00496d. This candidate is retrieved within the first run of the search stage.
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TIC ID Sector(s) | Mass (M_Sun) | Rad (R_Sun) | Teff (K) | Lum (L_Sun) | Log(g)
16884216 24 0.82 0.696 4958 0.264 4.667

Existing TOI(s) | Period (days) | Radius (R_Earth)
TOI 2023.01 11.190 1.661

Table 3.12: TIC 16884216 stellar and TOI parameters.

We focus on the signal selected in the second run. Its parameters are listed in table 3.13. The
period associated with this candidate appears in 6 of the 10 detrendings. We have a good SNR, the
SDE is a bit lower but can still hint at a detection. The shape of the stacked transits in figure 3.13

seems convincing at first sight.

Win_size. | Period Per_err | N.Tran | Duration TO Depth | SNR | SDE
0.5 15.7784 | 0.07010 2 219.19 | 196598 | 0.277 | 15.50 | 10.77

FAP Border_score | Planet radius | R,/R; | Semi-major axis | Habitability zone
0.000080 1.00 1.26497 0.01802 0.11545 I

Table 3.13: TIC 16884216 candidate parameters.

From the vetting report, the two transits have consistent depths with large error bars (see figure
3.14). The shape of the first transit does not look too bad, even if there is some variability (figure
3.15). However, we see big variations in the background flux, that could cause the transit-like
event. For the second transit, we see from the photometry that the event is more likely due to
variability than to a transiting planet (figure 3.16). The background flux looks better than for the
first transit but there is some scattering in the x-position of the centroid, which is not encouraging.
Overall, the first transit is the most promising of the two, but it should be considered carefully

because of the background flux variations.

For the statistical validation, we obtained the FPP and NFPP values listed in figure 3.14, corre-
sponding to the pink point in figure 3.1. Based on these values, the signal is classified as a likely

planet.

With the good values obtained for the statistical validation, it would be interesting to analyse the
upcoming data (sectors 50 and 51), to see if the first transit at T0=1965.98 could be associated
with other transit-like events, with another period.
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Figure 3.14: TIC 16884216 single-transits depths plot.
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Vetting of TIC 16884216 single transit no. 0 at T0=1965.98d
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Figure 3.16: TIC 16884216 vetting plots of the second transit.

Scenario

FPP

NFPP

TP

PTP

STP

Probability

0.11494

0.0

0.70628

0.11799

0.07405

Table 3.14: TIC 16884216 FPP, NFPP and three most probable scenarios.

3.2.5 TIC 10837041

TIC 10837041 has one confirmed planet: TOI-2411 b [8].

TIC ID

Sector(s)

Mass (M_Sun)

Rad (R_Sun)

Teft (K)

Lum (L_Sun)

Log(g)

10837041

30

0.64

0.728

4099

0.135

4.520

E

xisting TOI(s)

Period (days)

Radius (R_Earth)

TOI-2411 b

0.783

1.68

Table 3.15: TIC 10837041 stellar and TOI parameters.

This planet has a period P = 0.78276 + 0.00012d and is retrieved in the second run of the search

stage.
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Our candidate of interest for this star was selected in the first run and is found in 7 of the 10
detrendings. Note that, since our candidate is found in the first run, we carefully checked that the
proposed transits are not matching the ones of the confirmed planet, which is not the case. The

proposed parameters are listed in table 3.16.

Win_size. Period | Per_err | N.Tran | Duration TO Depth | SNR
PDCSAP_FLUX | 18.7561 | 0.08192 2 208.65 | 2122.57 | 1.391 | 31.54

SDE FAP Border_score | Planetradius | R,/R; | Semi-major axis | Habit. zone
15.27 | 0.000080 1.00 2.96368 0.03713 0.11928 I

Table 3.16: TIC 10837041 candidate parameters.

This candidate looks particularly convincing, with high SNR and SDE, good border score, clear

shape of the transits and several subharmonics visible in figure 3.17.

Run 1PDCSAP_FLUX # P=18.76d # T0=2122.57 # Depth=1.3912ppt # Dur=209m # SNR:31.54 # SDE:15.27 # FAP:0.000080
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Figure 3.17: TIC 10837041 run 1 PDCSAP_FLUX.

From the folded curve of the vetting report, we can say that the proposed period is correct. The first



Results 46

transit matches a momentum dump but, given its convincing shape, it can simply be an unfortunate
coincidence (figure 3.18). The other plots reveal nothing that could produce the transit, which is
also true for the second transit. The only plot of the vetting report that is in disfavor of a real
detection is the transits depth plot (figure 3.19). Indeed, the two transits have quite different
depths (1.68 + 0.08 ppt and 1.11 + 0.06 ppt), which could mean that they are not produced by the
same object.

From the validation stage, we obtained the values listed in table 3.17, which places this candidate
inside the "likely planet zone" in figure 3.1, and at the border of the "validated planet zone". As
explained in section 2.3, being classified as a validated planet requires: FPP < 0.015 and NFPP
<1073,

However, since TOI-2411 b is a confirmed planet, we can use the FPP2 value instead of the FPP

one. This new value pushes our candidate inside the validated planet zone.

Vetting of TIC 10837041 single transit no. 0 at T0=2122.57d
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Figure 3.18: TIC 10837041 vetting plots of the first transit.

In conclusion, this candidate looks really promising, even if the two transit events are maybe not
associated to the same planet. Further analyses are thus needed. We could perform a fit of each
transit to check how different (or not) their depth and duration are. This target has also been
observed in sector 3, but there is no short-cadence (2 min) light curve available for this sector.
We could still use the long-cadence (30 min) data and see if there are some transit-like events that

could be associated with the two transits proposed for our candidate.
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TIC 10837041 Transits depth analysis T0=2122.57 P=18.76d
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Figure 1: The candidate single-transits depths plot.

Figure 3.19: TIC 10837041 single-transits depths plot.

Scenario FPP FPP2 | NFPP TP PTP DTP
Probability || 0.01673 | 0.00068 | 0.0 0.78268 | 0.11130 | 0.08928

Table 3.17: TIC 10837041 FPP, NFPP and three most probable scenarios.

3.2.6 TIC 146523262

TIC 146523262 has one candidate planet: TOI 2465.01, which has not been confirmed yet. This
candidate was recovered in the first run and has a period P = 3.75921 4 0.00074d.

TIC ID Sector(s) | Mass (M_Sun) | Rad (R_Sun) | Teff (K) | Lum (L_Sun) | Log(g)
146523262 32 1.46 1.015 6808 1.995 4.591

Existing TOI(s) | Period (days) | Radius (R_Earth)
TOI 2465.01 3.759 3.156

Table 3.18: TIC 146523262 stellar and TOI parameters.

The candidate that we present for this star was selected in the second run, with the parameters in
table 3.19. Figure 3.21 indicates that the candidate is interesting, by looking at the shape of the
transits, even if they are very shallow, and at the harmonics visible in SDE plot. However, the
period of this candidate appears in only 2 of the 10 detrendings and we have a border score lower

than 1.
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Win_size. Period | Per_err | N.Tran | Duration TO Depth | SNR
PDCSAP_FLUX | 4.4346 | 0.03509 6 185.81 | 2176.86 | 0.384 | 14.90

SDE FAP Border_score | Planet radius | R,/R; | Semi-major axis | Habit. zone
9.79 | 0.000080 0.83 2.17332 0.01877 0.06012 I

Table 3.19: TIC 146523262 candidate parameters.

Concerning the vetting report, the depths of the transits are not very consistent (see figure 3.20).
The individual transit plots show no momentum dump, background variations, centroid shift or
contamination by pixels not centered on the target star. However, the individual photometry of
the transits shows lots of variability and no clear transit shape. The best looking photometry plot
would be the one of the last transit (figure 3.22), but even for this one, we see that the lightcurve
shows some variability with an amplitude comparable to (or even larger than) the actual transit-like

event.

TIC 146523262 Transits depth analysis T0=2176.86 P=4.43d
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Figure 3.20: TIC 146523262 single-transits depths plot.

By running the validation step, we obtained the values of FPP and NFPP listed in table 3.20,
corresponding to the brown point in figure 3.1. The three most probable scenarios computed

during the statistical validation are listed in the same table.

In conclusion for this candidate, even if it is classified as a "likely planet”, we are not confident in
this detection. The main reason we are not in this candidate is because the photometry shows some
variability and the signal is only found in 2 of the 10 detrendings, which could indicate that it is
actually related to some residual variability that is not entirely removed by these two detrendings
(but well in the others). This hypothesis is supported by the fact that the two detrendings in which

the signal is found have similar window sizes (1.0 d and 1.1 d).
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This target has only been observed in sector 32 and no further observation of this star with TESS

is planned.

Run 2PDCSAP_FLUX # P=4.43d # T0=2176.86 # Depth=0.3844ppt # Dur=186m # SNR:14.90 # SDE:9.79 # FAP:0.000080
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Figure 3.21: TIC 146523262 run 2 PDCSAP_FLUX.
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Single Transit X-axis drift Y-axis drift

—mn —mn
— 000 F— T4
®  Xaxsmation . " @ - rhesmotion

® Xans centrokds 001 18 Kans centrowds .
. \ -
00z ¥
.
. 003 {
21988 21989 99,0 21991 a99.2 1988 989 21990 2199.1 21992 nme a9 %90 21991 21992
Time (d) Time (d) Time (d]
SAP comparisen TPF apertures comparison Background flux
o Photometryused aperture B o - N 2040 wo _ws{—n
®  Photometry smaller aperture g & § 2038 =8 1m0 J—w $
¢ e v > acrry : £ 800 vg o Background Flux
+ 5 | - -
§ g — o, J o oy X :m)ﬁ oo g BIS 18 ap St i
3 b - 2 203 »um-!w i
£ b 1) e (] ] 400 =2 "N 1)
fam u-%'ms- o* LY AL
. £ 200 53 ’ .
2030 1360 { .
21968 21989 2990 21991 2992 1805 1810 1988 21989 180 21991 21992
Time (d) pixel Column Number Time (d)

Figure 3.22: TIC 146523262 vetting plots of the last transit.
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Table 3.20: TIC 146523262 FPP, NFPP and three most probable scenarios.

Scenario

FPP

NFPP

TP

PTP

STP

Probability

0.28858

0.00047

0.55167

0.12069

0.09514

3.2.7 TIC 37749396

50

TIC 37749396 has one, not yet confirmed, candidate planet: TOI 260.01 with a period P =
13.47002 £+ 0.00324d.

Table 3.21: TIC 37749396 stellar and TOI parameters.

TICID | Sector(s) | Mass (M_Sun) | Rad (R_Sun) | Teff (K) | Lum (L._Sun) | Log(g)
37749396 3,42 0.63 0.618 4049 0.093 4.655
Existing TOI(s) | Period (days) | Radius (R_Earth)
TOI 260.01 13.476 1.680

This candidate was not selected as the most promising signal in the first run, and some of its

transits were associated with other transit-like events by SHERLOCK. We thus made a second

attempt, this time masking manually the transits corresponding to TOI 260.01. We can see the

ranges of time initially masked in figure 3.23.
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Figure 3.23: TIC 37749396 initial masks.
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The signal in table 3.22 is retrieved in 9 of the 10 detrendings in the run 4. The values of SNR
and SDE are a bit low but still acceptable. The stacked transit fluxes in figure 3.24 shows an
asymmetric shape, with an ingress but no clear egress. We can also see from the SDE panel of this

figure the absolute absence of harmonics.

Win_size. | Period | Per_err | N.Tran | Duration TO Depth | SNR | SDE

0.5 2.3087 | 0.00008 15 53.86 1386.55 | 0.132 | 12.01 | 12.81
FAP Border_score | Planet radius | R,/Ry; | Semi-major axis | Habitability zone
0.000080 1.00 0.77568 0.01072 0.02936 I

Table 3.22: TIC 37749396 candidate parameters.

The vetting report indicates that not all of the transit depths are consistent (see figure 3.25). For
several transits, we see a scattering of the points in the centroid position plot (see for example
figure 3.26). One of the transits is also matching a momentum dump. Overall, the transit-like
events have the same depth as local variability and none of them has a convincing shape.
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Figure 3.24: TIC 37749396 run 4 win_size 0.5
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Figure 3.25: TIC 37749396 single-transits depths plot.
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Figure 3.26: TIC 37749396 vetting plots of the second transit.

For the statistical validation, the FPP and NFPP values are listed in table 3.23 along with the three

most probable scenarios. The FPP and NFPP obtained correspond to the orange point in figure

3.1.

Scenario

FPP

NFPP

TP

BEB

STP

Probability

0.38951

0.00076

0.50636

0.16841

0.07231

Table 3.23: TIC 37749396 FPP, NFPP and three most probable scenarios.

To conclude, even if this signal is classified as a likely planet, it does not look very promising. It

is most probably due to some periodicity in the variability, and this target won’t be re-observed by
TESS.
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3.2.8 TIC 357501308

TIC 357501308 has one candidate planet: TOI 2018.01. It has a period P = 7.43712 4+0.00115d
and we retrieved this candidate with SHERLOCK in the first run of the search stage.

TIC ID Sector(s) | Mass (M_Sun) | Rad (R_Sun) | Teff (K) | Lum (L_Sun) | Log(g)
357501308 24 0.66 0.622 4218 0.111 4.669

Existing TOI(s) | Period (days) | Radius (R_Earth)
TOI 2018.01 7.435 2.451

Table 3.24: TIC 357501308 stellar and TOI parameters.

The signal in which we are interested is selected in the second run and is presented in table 3.25.

Win_size. | Period | Per_err | N.Tran | Duration TO Depth | SNR | SDE
0.9 11.2420 | 0.10240 2 241.52 | 1964.11 | 0.506 | 21.63 | 9.80

FAP Border_score | Planet radius | R,/R; | Semi-major axis | Habitability zone
0.000080 1.00 1.52933 0.02228 0.08567 I

Table 3.25: TIC 357501308 candidate parameters.

The period of this candidate is retrieved in 7 of the 10 detrendings in run 2. We have a high SNR
and a good border score. The proposed transits look convincing on both the first and second panels

in figure 3.27. Some subharmonics are also visible in the SDE plot (third panel).

The vetting report shows that the two transits are similar in depth, and based on the folded curve,
the period selected seems correct. For both transits, we see some X-axis data drift and variation
in the background flux, but the photometry still shows a transit-like event which differs from the

local variations (figure 3.28).

The validation provides us with the values listed in table 3.26, which do not allow this candidate

to be classified as a likely planet, even if the FPP is low enough.

Since this candidate seemed promising to us, we checked on the TESS Wiki (used to coordinate
the preparation of TESS publications) if there was any upcoming article about this target, and
there is indeed a discovery paper in preparation led by the TESS-Keck-Survey team. Besides the
confirmation of TOI 2018.01, their abstract also mentions the detection of a previously unknown
transiting planet at 11-day orbit in a 3:2 mean-motion resonance with TOI 2018.01. We there-
fore achieved to detect this previously unknown transiting planet completely independently using
SHERLOCK.
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Run 2# win_size:0.9000 # P=11.24d # T0=1964.11 # Depth=0.5062ppt # Dur=242m # SNR:21.63 # SDE:9.80 # FAP:0.000080
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Figure 3.27: TIC 357501308 run 2 win_size 0.9
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Figure 3.28: TIC 357501308 vetting plots of the first transit.

Scenario

FPP

NFPP TP

PTP

STP

Probability

0.06771

0.01396 || 0.77971

0.11151

0.04295

Table 3.26: TIC 357501308 FPP, NFPP and three most probable scenarios.
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3.2.9 TIC 368435330

TIC 368435330 has one candidate planet (TOI 1797.01) with a period P=3.64516 4+ 0.00001d,
which was successfully retrieved by SHERLOCK in the first run. The candidate that we present is

selected in the second run with the parameters listed in table 3.27 and is found in all the detrend-

ings.
Win_size. | Period | Per_err | N.Tran | Duration TO Depth | SNR | SDE
0.2 1.0391 | 0.00006 43 64.74 1900.24 | 0.098 | 14.77 | 93.08
FAP Border_score | Planet radius | R,/R; | Semi-major axis | Habitability zone
0.000080 0.98 1.13238 0.00878 0.020064 I

Table 3.27: TIC 368435330 candidate parameters.

This signal looks like an actual transiting planet because of the good SNR, very high SDE and
harmonics visible in figure 3.29. Also, even if shallow, we see a convincing shape for the stacked

transits. The large number of transit events increases even more our confidence in the detection.

The transits depth plot from the vetting shows consistent depths with only a few outliers among
the 43 transits (figure 3.30). The individual graphs reveal nothing particular, except for some

scattering in the centroid position plots for a few transits.

Since this candidate seemed very promising, we looked if there was any upcoming article about
this target, and indeed there is a paper in preparation with follow-up observations by CHEOPS
(Serrano et al., submitted). Some people from the CHEOPS team had indeed also found this
candidate by analysing independently the TESS data and scheduled some follow-up observations
with CHEOPS to confirm it. A few months after our analysis of this target, it was classified as a
TOI (TOI-1797.02) with a period P = 1.0389231 £+0.0001573d, matching the period that we found
independently using SHERLOCK.

TIC ID Sector(s) | Mass (M_Sun) | Rad (R_Sun) | Teff (K) | Lum (L_Sun) | Log(g)
368435330 22,48 1.08 1.049 5922 1.219 4.429
Existing TOI(s) | Period (days) | Radius (R_Earth)

TOI 1797.01 3.645 2.993
TOI 1797.02 1.038 1.537

Table 3.28: TIC 368435330 stellar and TOI parameters.

From the statistical validation, we obtained the values for FPP and NFPP listed in table 3.29. We
can note that in this case we have high FPP and NFPP values, and the planet is not located in the

likely-planet zone, while the candidate appears to be real. The most probable scenario computed
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with the statistical validation is an unresolved background eclipsing binary, and not a transiting

planet.

The team leading the upcoming paper was able to validate and confirm the two planets (thus in-
cluding the new one) using higher-precision CHEOPS photometry, multi-color ground-based pho-
tometry, radial velocities and high-resolution imaging (private communication with Luisa Maria

Serrano).
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Figure 3.29: TIC 368435330 run 2 win_size 0.2

Scenario

FPP

NFPP

BEB

TP

BEBx2P

Probability

0.68497

0.00577

0.36867

0.21997

0.10015

Table 3.29: TIC 368435330 FPP, NFPP and three most probable scenarios.
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TIC 368435330 Transits depth analysis T0=1900.24 P=1.04d
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Figure 3.30: TIC 368435330 single-transits depths plot.

TIC 144401492

TIC 144401492 has two planetary candidates which have not been confirmed yet : TOI 1803.01
and TOI 1803.02 with respective periods P =12.89115+£0.00266d and 6.29439£0.00138d. These

two candidates are well recovered in the first two runs.

TIC ID Sector(s) | Mass (M_Sun) | Rad (R_Sun) | Teff (K) | Lum (L_Sun) | Log(g)
144401492 22 0.79 0.689 4868 0.241 4.660
Existing TOI(s) | Period (days) | Radius (R_Earth)

TOI 1803.01 12.891 4.027
TOI 1803.02 6.294 3.132

Table 3.30: TIC 144401492 stellar and TOI parameters.

The candidate presented in table 3.31 is selected as the most promising signal in the third run, and
is detected in 9 of the 10 detrendings. The value of the SNR is satisfactory, and the SDE is a bit
low, but let us remind that we are searching for candidates potentially missed by TESS detection

pipeline. The selected signal is displayed in figure 3.31.

Win_size. | Period | Per_err | N.Tran | Duration TO Depth | SNR | SDE
1.1 7.9671 | 0.01702 4 126.63 | 1900.24 | 0.573 | 10.22 | 7.51
FAP Border_score | Planetradius | R,/R; | Semi-major axis | Habitability zone
0.004002 1.00 1.80179 0.02498 0.07240 1

Table 3.31: TIC 144401492 candidate parameters.



Results 58

The plots produced during the vetting stage reveal nothing problematic enough to rule out this
candidate, even if there is some variability in the lightcurve of the star (see for example figure
3.33). There are differences between the transit depths, but this is not very significant considering

the error bars, as shown in figure 3.32.

From the validation step, we obtained the values in table 3.32.

Scenario FPP NFPP TP PTP STP
Probability || 0.20051 | 0.00623 || 0.63130 | 0.13515 | 0.09424

Table 3.32: TIC 14440192 FPP, NFPP and three most probable scenarios.

Thus, this candidate is not classified as a likely planet. Since there were some contrast curves
available, we wanted to test and show an example of how these can be included in the validation

step.

Run 3# win_size:1.1000 # P=7.97d # T0=1900.24 # Depth=0.5728ppt # Dur=127m # SNR:10.22 # SDE:7.51 # FAP:0.004002
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Figure 3.31: TIC 14440192 run 3 win_size 1.1
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TIC 144401492 Transits depth analysis T0=1900.24 P=7.97d
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Figure 3.32: TIC 144401492 single-transits depths plot.
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Figure 3.33: TIC 144401492 vetting plots of the second transit.

The calculation from which we obtained those FPP and NFPP values was done assuming that
unresolved companions beyond 2.2 arcseconds around the target can be ruled out (default as-
sumption in TRICERATOPS). Therefore, if we are able to decrease this separation, we can further
constrain the probabilities of scenarios involving unresolved companions. This is done by using
high-resolution images of the target, that produce a contrast curve which can then be used in the
validation stage [9]. Basically, a contrast curve is a plot showing the difference in magnitude
that could exist between the host star and a detectable companion, as a function of the angular

separation.

We were able to obtain such contrast curves (via TESS Follow-up Observing Program), for two dif-
ferent wavelengths, from high resolution images of the target obtained with the Gemini-North/’ Alopeke

instrument. Those two contrast curves are shown in figure 3.34.
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Figure 3.34: Contrast curves for TIC 14440192 at 562 nm and 832 nm.

The values of the validation step obtained without any contrast curve and with the contrast curves
at 562 nm and 832 nm, are compared in table 3.33, along with the evolution of the probabilities for
the three most probable scenarios. As expected, the probabilities of scenarios involving unresolved
companions decrease when including the contrast curves. The corresponding points are placed on

figure 3.35 and we see that the FPP value was improved.

FPP NFPP TP PTP STP

Without cc 0.20051 | 0.00623 || 0.63130 | 0.13515 | 0.09424
With cc at 562 nm || 0.11012 | 0.00806 || 0.82081 | 0.04847 | 0.02729
With cc at 832 nm || 0.10323 | 0.00822 || 0.83558 | 0.04119 | 0.02415

Table 3.33: FPP and NFPP values with and without contrast curve and evolution of the probabili-
ties for the three most probable scenarios.

In conclusion, for this candidate, it is a result worth presenting since we showed how we can use
contrast curves to improve the validation, even if it did not allow us to classify the signal as a likely
planet in this case. Indeed, the FPP criterion is fulfilled but not the NFPP criterion. The NFPP is
related to scenarios where the transit is produced by a resolved nearby star rather than the target
star. Contrast curves allow to reduce the probabilities of scenarios involving unresolved compan-
ions. These scenarios are included in the FPP but not in the NFPP. Including contrast curves in
the analyses can reduce the FPP but should not have any significant impact on the NFPP. One way
to decrease the NFPP is to obtain ground-based photometry (with a higher angular resolution than
TESS) and show that the transit event is well on the target, and not on the resoled nearby stars.
The candidate could still be real and it will be interesting to further investigate it by analysing the

recently-released data of sector 49 (that were not part of the analysis presented here).
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Figure 3.35: FPP and NFPP values with and without contrast curve.
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At the time we started the analysis of TIC 306263608, this star only had one candidate planet with
a period P = 20.77297 £ 0.00008d: TOI 1471.01. The candidate presented in this section was
categorized as TOI 1472.02 in the meantime.

TIC ID Sector(s) | Mass (M_Sun) | Rad (R_Sun) | Teff (K) | Lum (L_Sun) | Log(g)
306263608 | 17,42,43 1 0.966 5625 0.842 4.468
Existing TOI(s) | Period (days) | Radius (R_Earth)

TOI 1471.01 20.773 3918
TOI 1471.02 683.328 3.432

Table 3.34: TIC 306263608 stellar and TOI parameters.

On our first attempt to run the search stage, SHERLOCK was matching the three transits of TOI

1471.01 together with the two transits of our candidate, with a period of about 10 days. By

looking at the depth and shape of the transits, it appeared clearly that they belonged to two distinct
candidates. We thus masked the transits of TOI 1471.01, as illustrated in figure 3.36, in order to

investigate further our candidate. The parameters finally obtained are listed in table 3.35.
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The vetting plots show two clear transits similar in depth and in shape, with no momentum dumps,

no background variation, no flux variation in other pixels and no centroid shift (see figure 3.38).

The main difficulty with this candidate is to estimate its period. Only two transits were observed,
and they are in sectors separated by more than 600 days. For the moment, the period attributed
to this planetary candidate in the ExoFOP data base is thus the time difference between the two

transits: 683.32817 £ 00042d, corresponding to the maximum possible period.
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Figure 3.36: TIC 306263608 initial masks.

Win_size. | Period Per_err | N.Tran | Duration TO Depth | SNR | SDE
0.5 22.0425 | 0.00410 2 162.70 | 1779.20 | 0.658 | 34.70 | 15.14

FAP Border_score | Planet radius | R,/R; | Semi-major axis | Habitability zone
0.000080 1.00 2.70600 0.02279 0.15415 I

Table 3.35: TIC 306263608 candidate parameters.

By looking at the lightcurve in figure 3.36, we can roughly constrain the minimum period possible
for the candidate. Using sector 42 and sector 43 which follow each other, we can say that the
minimum period possible is about 21 days, corresponding to the case where a transit occurs in the
middle of sector 43, where there is no data available. If the period was shorter than this limit, we

would see at least one additional transit in the lightcurve.
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However, with only two transits separated by such a long duration, there are several potential
period aliases close to this minimum possible period. This can be seen in the SDE plot of figure

3.37 where we see other high peaks close to the blue line (selected period), corresponding to these

potential period aliases.

Run 1# win_size:0.5000 # P=22.04d # T0=1779.20 # Depth=0.6579ppt # Dur=163m # SNR:34.70 # SDE:15.14 # FAP:0.000080
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Figure 3.37: TIC 306263608 run 1 win_size 0.5
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Figure 3.38: TIC 30626308 vetting plots of the second transit.
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Following the same logic than previously, the next possible range of period starts at about 37 days,

corresponding to the situation where a transit occurs just after the end of sector 43.

The results of the statistical validation are listed in table 3.36. We have a good FPP value but a
NFPP that is a bit too high to place the candidate in the "likely planet zone". However, with the
previous results and the fact that this candidate is now a TOI, there is not much doubt that it is a

real detection.

Scenario FPP NFPP TP PTP DTP
Probability || 0.03326 | 0.00374 || 0.71439 | 0.14553 | 0.10682

Table 3.36: TIC 306263608 FPP, NFPP and three most probable scenarios.

To solve the true period of this candidate among the possible aliases, we would need further
observations to get at least a third transit. This star is not planned to be reobserved with TESS.
However, a third transit could be recovered by observing the target with CHEOPS during specific

transit windows corresponding to the period aliases.

Discussing this possibility with some members of the CHEOPS team, we found out that they had
actually also detected this planet candidate independently in the TESS data. Targeted follow-
up observations of some of the possible period aliases with CHEOPS then revealed an orbital
period of more than 50 days (private communication with Hugh Osborn), making this planet a
very interesting one (Osborn et al. in prep.). The planet candidate that we detected completely
independently with SHERLOCK was thus a real transit detection.
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Conclusion

During this work, we searched in TESS data for new transit-like signals in systems with already
at least one transiting planet candidate. This goal was successfully achieved using SHERLOCK.
Indeed, we were able to retrieve the already known TOI(s), identify new interesting signals in
some systems, and perform a vetting and a statistical validation when the signal looked promising
enough. Out of the target list of 100 candidates that we established, 20 looked promising enough
after the search stage to perform a vetting and a statistical validation. Finally, 11 candidates were

presented in this master thesis.

For 7 of them, the values obtained from the statistical validation fulfill the requirements to be in
the "likely planet zone" (FPP < 0.5 and NFPP < 10~3). We were able to improve the FPP value
for 3 candidates, using the fact that if one planet in the system is already confirmed we can use
the FPP2 value instead of the FPP (which was the case for TIC 180695581 and TIC 10837041),
and using contrast curves for TIC 14440192. In this conclusion, we can thus present the final
validation graph (figure 4.1), taking into account those improvements. With these refined values,
we find that 3 candidates are statistically validated (FPP < 0.015 and NFPP < 1073).

For 4 targets, the proposed candidate turned out to be a real detection, also found by other teams,
that we recovered independently with about the same period. This is a great result, showing that
SHERLOCK is working as expected and is a convenient and reliable tool to find new planets.
Note that 3 of the real detections (TIC 357501308, TIC 368435330 and TIC 306263608) do not
meet the conditions to be in the "likely planet zone". It is therefore important to not only rely on
this criterion, but to consider it together with the results of the search stage and of the vetting, in
order to have a global overview of the candidate. Conversely, the statistical validation can tag a
candidate as a validated planet when in fact, it is due to systematics, variability non well corrected,
etc. Therefore, the community has to be careful when using the statistical validation, which can

be very useful combined with more methods, but is risky when used alone.

65
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Figure 4.1: Improved FPP and NFPP values of the 20 most promising candidates

The fact that 4 of our candidates are indeed real detections is encouraging for the other promising
candidates presented in this work. The 2 most promising candidates to us from the 11 presented

are the following:

» TIC 10837041. With a confirmed planet that allowed us to statistically validate this candi-
date, this is one of the most promising candidate presented. Both transits look convincing,
but the main question still to address for this candidate is to determine if the two transit-like

events are produced by the same planet or not.

» TIC 16884216. For this candidate, the first transit looks real. But the second transit is less
promising. We thus need to see if the first transit could be associated with another transit-

like event.

Defining the goals of this work in the introduction, we wrote that we wanted to perform follow-
up observations with CHEOPS for the most promising candidates, which was not done. The
candidates that were the most suitable for follow-up observations with CHEOPS turned out to be
found by other teams, and observations with CHEOPS are already scheduled for them. For our two
most promising candidates (TIC 10837041 and TIC 16884216), we can not provide ephemerides
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precise enough to schedule an observation, since for the first one it could be two different planets,
and for the other one, only one transit is really convincing. Thus, we can not determine precisely
the period to use. The other candidates did not look promising enough to us to perform such
follow-up observations and it would be better to wait for new TESS data release to confirm, or

not, the relevance of these candidates.

The upcoming and recently released data from TESS are thus of particular interest for us, to pursue

the work undertaken in this master thesis.
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Appendix A

Target list

1 | TIC 352413427| |26| TIC 27491137 51| TIC 4897275 76 | TIC 10837041
2 | TIC 58542531 27| TIC 31374837 52| TIC 368435330 77 | TIC 248387177
3 | TIC 29054413 28 | TIC 119292328 53| TIC 8967242 78 | TIC 251094370
4 | TIC 62483237 29| TIC 34077285 54| TIC 180695581 79 |TIC 274194927
5 | TIC 357501308 30| TIC 356158613 55| TIC 27194429 80 | TIC 318753380
6 | TIC 23814735 31| TIC 251848941 56| TIC 381714186 81 | TIC 142868621
7 | TIC 21832928 32| TIC 63898957 57| TIC 63698669 82 | TIC 154618248
8 | TIC 91555165 33| TIC 178155732| |58 |TIC 183985250 83 | TIC 311271011
9 |TIC 420051632 |34 |TIC 122617317 |59|TIC 242083025 84 | TIC 146523262
10| TIC 117799904 | |35 |TIC 377064495 60| TIC 47617161 85 | TIC 71013298
11| TIC 449197831 36| TIC 178819686 | |61 |TIC 142378043 86 | TIC 262435954
12| TIC 192790476 | |37|TIC 164767175 62 | TIC 243187830 87 | TIC 167661160
13| TIC 149845414 | |38|TIC 101011575 63| TIC 16884216 88 | TIC 369376388
14| TIC 421951960| |39 |TIC 257605131 64 | TIC 105840719 89 | TIC 179985715
15| TIC 65416038 40 | TIC 349488688 65| TIC 39200363 90 | TIC 123664207
16 | TIC 422914082 | |41 |TIC 138126035 66| TIC 75878355 91 | TIC 263179590

17| TIC 334632624 | |42|TIC 114018671 67 | TIC 287256467 92 |TIC 224225541
18 | TIC 178170828 | |43 | TIC 23434737 68 | TIC 271478281 93 | TIC 37749396
19| TIC 50618703 44| TIC 406672232| |69 |TIC 212253390 94 | TIC 42054565
20| TIC 77253676 45| TIC 13499636 70| TIC 425561347 95 |TIC 203377303
21 |TIC 453211454 | |46|TIC 119700084 | |71|TIC 310231275 96 | TIC 443666343

22| TIC 306263608 | |47 |TIC 418959198| |72 TIC 20203297 97 | TIC 152563846
23| TIC 130181866 | |48 | TIC 16920150 73| TIC 82452140 98 | TIC 300579472
24 | TIC 144401492| |49| TIC 67418624 74| TIC 70420766 99 | TIC 176780257

TIC 347332255 50| TIC 257241363 | |75| TIC 9006668 100 | TIC 117979455

[\
W

Table A.1: Target list in order of their analysis.
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Appendix B

Additional plots and tables

B.1 TIC 347332255

13(()ioordinates TIC 347332255 - Sector 23
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Figure B.1: TIC 347332255 Field of view plot sector 23.
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B.1 TIC 347332255
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Additional plots and tables

B.2 TIC 180695581

Coordinates TIC 180695581 - Sector 22
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Figure B.2: TIC 180695581 Field of view plot sector 22.

Coordinates TIC 180695581 - Sector 23
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Figure B.3: TIC 180695581 Field of view plot sector 23.
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B.2 TIC 180695581
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Additional plots and tables

B.3 TIC 381714186

Coordinates TIC 381714186 - Sector 23
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Figure B.4: TIC 381714186 Field of view plot sector 23.
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Figure B.5: TIC 381714186 Field of view plot sector 46.
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B.3TIC 381714186

Vetting of TIC 381714186 single transit no. 0 at T0=1933.73d
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Figure B.6: TIC 381714186 vetting plots of the first transit.
Vetting of TIC 381714186 single transit no. 2 at T0=1949.83d
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Figure B.7: TIC 381714186 vetting plots of the third transit.
Vetting of TIC 381714186 single transit no. 3 at T0=1953.85d
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Figure B.8: TIC 381714186 vetting plots of the fourth transit.



Additional plots and tables

Vetting of TIC 381714186 single transit no. 4 at T0=2553.43d
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Vetting of TIC 381714186 single transit no. 5 at T0=2557.45d
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Figure B.10: TIC 381714186 vetting plots of the sixth transit.
Vetting of TIC 381714186 single transit no. 6 at T0=2561.47d
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Figure B.11: TIC 381714186 vetting plots of the seventh transit.
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Vetting of TIC 381714186 single transit no. 7 at T0=2569.52d
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Figure B.12: TIC 381714186 vetting plots of the eight transit.

Vetting of TIC 381714186 single transit no. 8 at T0=2573.55d
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Figure B.14: TIC 381714186 vetting plots of the tenth transit.
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B.4 TIC 16884216

Coordinates TIC 16884216 - Sector 24
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Figure B.15: TIC 16884216 Field of view plot sector 24.

Flux x10% (e ™)

83



84

Additional plots and tables

e T T

NqeH

e e e e e e e

NqeH

SCLET'0 CESTO0 €€0v0'l
¢S690°0 LYICO0 €1999°1
¥L9€0'0 €STI00 810860
SYSIT'0 CO8T00 L6VIT'T
€8160°0 L68IO0 T66VE'l

D

[10S+ST°0

10°€C0C IOL

"3o] 1odar sajepipueds 9178891 DLL 8'd 2IqeL

ueu

ueu

ueu

ueu

001
001
001
001
001

/Ay  perueld owowlreH [Q SUIYOB|N 2109S”Ioplog

[LLLTO0 8¢9 €08 LBIO
090000 L¥'8 8I10C

860v¥0°0 €19

0800000 LLOT 0S°SIT
LO9ELTOO0 ¥9°9 9L9I

dvd

4ds

0L°6S6T €6'LT1

I18%°0 ¥9°0961 9S°01¢

869 991°0 9L°LS61 L8'SE
LLTO 866961 61°61C
GIC0 €I'v96l  €L10C

ANS ydeg (oL uwonemg

"z unx 30[ 1odar 917H8891 DIL :L°d S1qeL

866€0°0 01S¥°0C
CLI60'0 0CLEL
£6600°0 SCE8'C
0T0L0'0 V8LL'ST
¥6190°0 1¢61°11

19 1d pourd

"un )xau dyy 03 uron “Juryoreds doay 03 y3noua poos st [euSIs 159q MON €LSLLIELOVEI6EH ST “ANS ST8YPE6LIEOYSLL ST:POLId
€ "HINVN <~ sem wWpLos[e D[SV WPim uondoas pasodoid 0’1 :HY0IS JAAIOE S0-2TE00'8 :dVA SITEELETIEIF69L 0T HAS €LSLLIELOYEIO6T ST
2ANS 909096£978€9€+9°91 “HAS AYOD ST8YHE6LIEOFSLL ST:POMR € :HINVN <~ SHLOA 9 woly wipuos[e NN¥ONO UM [BUSIS paod[g

SYSIT'0
108L0°0
108,070
608L0°0
SYSIT0
SYSIT0
SYSIT0
SYSIT0
6SC1T°0
LOSTO0
56900

D

686100 Crviv'l
6LLTIO0 PLSOV'T
9GLTO0 80L8E'T
CSLTO0 €SI8EL
¥8810°0 998¢E’l
CS8I00 6901¢°1
C08I0°0 L6V9T'1
LOLTO0 CTL68I'T
8SC100 vSPIT'I
628000 S1926°0
9LICO0 LL6IL'T

syW/dy pel-ueld waeH [O YORIN Ioplog

ueu

ueu

ueu

ueu

ueu

ueu

ueu

ueu

ueu

ueu

ueu

001
00T
001
00T
001
00T
001
00T
001
00T
001

869SYC10°0
6£€9¥8510°0
LT999¢910°0
SLT989C10°0
€6L18¥100°0
S0-9¢€00'8

S0-9¢€00'8 69L°01

9620%9000°0

S6C9ELOY00

€C¢SL08810°0
S0-9¢£00'8

dvd

9¢L’9
8899
9¢9'9
8899
e0r'L
¥80°6

6L1'8
¥81°9
1099
Y676

q4ds

oor-erl
6LL 701
Sy ol
6¢t 01
eel'Ll
0cs 9l
008°CT
68L°¢l
[44%1!
I1v'9
C¢LOTC

ANS

0786°5961
SL6T Y961
SL6T Y961
SLST'Y961
0r86°5961
0865961
0r86°5961
07865961
9L96°6961
S61£9561
¥819°0961

0L

¢6l1¢
Yovl
144!
Y4
c6l1¢
6l1¢
c6l¢
6l1¢
6'€91
¢
Svic

1mp L,

16€°0
weo
£eeo
0€€0
01¢0
L6T0
LLTO
SYTo
GsTo
6v1°0
[453Y)

pdeg eIL'N

—

(o I o\ NN o\ N o\ BN o\ B )

S06L60°0 OV8LLSI
1€0€80°0 8SE€9L'8
[€0€80°0 8SEIL'8
61L9L0°0 8EILL'8
L600L0°0 O¥8LL'SI
L600L0°0 O¥8LL'ST
L600L0°0 O¥8LL'SI
LTZY80°0 O¥8LL'SIT
¥920L0°0 v¥908°S1
1L9T00°0 CI¥rLO
6CL960°0 661LE°L

e g pord

I
0
€
%
€

"ou puaIRq

000T°T
0000°T
00060
00080
000L°0
00090
0000
000¥°0
000€°0
000C°0
dvsodd

QZIS UIA\



B.5 TIC 10837041 85

B.S TIC 10837041

Coordinates TIC 10837041 - Sector 30
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Figure B.16: TIC 10837041 Field of view plot sector 30.

Vetting of TIC 10837041 single transit no. 1 at T0=2141.33d
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Figure B.17: TIC 10837041 vetting plots of the second transit.
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B.6 146523262

Flux norm.

Coordinates TIC 146523262 - Sector 32
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Figure B.18: TIC 146523262 Field of view plot sector 32.

Vetting of TIC 146523262 single transit no. 0 at T0=2176.86d
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Figure B.19: TIC 146523262 vetting plots of the first transit.

Vetting of TIC 146523262 single transit no. 1 at T0=2181.29d

Single Transit X-axis drift Y-axis drift
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Figure B.20: TIC 146523262 vetting plots of the second transit.
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Vetting of TIC 146523262 single transit no. 2 at T0=2185.73d
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Figure B.21: TIC 146523262 vetting plots of the third transit.
Vetting of TIC 146523262 single transit no. 3 at T0=2190.16d
Single Transit X-axis drift Y-axis drift
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Figure B.22: TIC 146523262 vetting plots of the fourth transit.

Vetting of TIC 146523262 single transit no. 4 at T0=2194.6d
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Figure B.23: TIC 146523262 vetting plots of the fifth transit.
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Additional plots and tables

B.7 TIC 37749396

Coordinates TIC 37749396 - Sector 3
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Figure B.24: TIC 37749396 Field of view plot sector 3.

Coordinates TIC 37749396 - Sector 42
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Figure B.25: TIC 37749396 Field of view plot sector 42.
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B.7 TIC 37749396

Vetting of TIC 37749396 single transit no. 0 at T0=1386.55d
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Figure B.26: TIC 37749396 vetting plots of the first transit.
Vetting of TIC 37749396 single transit no. 2 at T0=1391.16d
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Figure B.27: TIC 37749396 vetting plots of the third transit.
Vetting of TIC 37749396 single transit no. 3 at T0=1393.47d
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Figure B.28: TIC 37749396 vetting plots of the fourth transit.



Additional plots and tables

Flux norm.

Flux norm.

Vetting of TIC 37749396 single transit no. 4 at T0=1398.09d
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Figure B.29: TIC 37749396 vetting plots of the fifth transit.
Vetting of TIC 37749396 single transit no. 5 at T0=1400.4d
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Figure B.30: TIC 37749396 vetting plots of the sixth transit.
Vetting of TIC 37749396 single transit no. 6 at T0=1402.71d
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Figure B.31: TIC 37749396 vetting plots of the seventh transit.



B.7 TIC 37749396

Vetting of TIC 37749396 single transit no. 7 at T0=1405.01d
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Figure B.32: TIC 37749396 vetting plots of the eighth transit.
Vetting of TIC 37749396 single transit no. 8 at T0=2448.55d
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Figure B.33: TIC 37749396 vetting plots of the ninth transit.
Vetting of TIC 37749396 single transit no. 9 at T0=2450.86d
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Figure B.34: TIC 37749396 vetting plots of the tenth transit.
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Vetting of TIC 37749396 single transit no. 10 at T0=2453.17d
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Vetting of TIC 37749396 single transit no. 12 at T0=2464.71d
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Figure B.37: TIC 37749396 vetting plots of the thirteenth transit.
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Vetting of TIC 37749396 single transit no. 13 at T0=2467.02d
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Figure B.39: TIC 37749396 vetting plots of the fifteenth transit.
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Coordinates TIC 357501308 - Sector 24
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Figure B.40: TIC 357501308 Field of view plot sector 24.

Vetting of TIC 357501308 single transit no. 1 at T0=1975.35d
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Figure B.41: TIC 357501308 vetting plots of the second transit.

TIC 357501308 Transits depth analysis T0=1964.11 P=11.24d
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Figure B.42: TIC 357501308 single-transits depths plot.
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B.9 TIC 368435330

Coordinates TIC 368435330 - Sector 22
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Figure B.43: TIC 368435330 Field of view plot sector 22.

) Coordinates TIC 381714186 - Sector 46
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Figure B.44: TIC 368435330 Field of view plot sector 46.
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Additional plots and tables

Vetting of TIC 368435330 single transit no. 0 at T0=1900.24d
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Figure B.47: TIC 368435330 vetting plots of the twentieth transit.
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Vetting of TIC 368435330 single transit no. 29 at T0=2618.28d
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Figure B.48: TIC 368435330 vetting plots of the thirtieth transit.
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Figure B.49: TIC 368435330 vetting plots of the fortieth transit.
Vetting of TIC 368435330 single transit no. 42 at T0=2635.95d
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Figure B.50: TIC 368435330 vetting plots of the last transit.
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B.10 TIC 14440192

B.10 TIC 14440192

Coordinates TIC 144401492 - Sector 22
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Figure B.51: TIC 14440192 Field of view plot sector 22.
Vetting of TIC 144401492 single transit no. 0 at T0=1900.24d
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Figure B.52: TIC 14440192 vetting plots of the first transit.
Vetting of TIC 144401492 single transit no. 2 at T0=1916.17d
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Figure B.53: TIC 14440192 vetting plots of the third transit.
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Vetting of TIC 144401492 single transit no. 3 at T0=1924.14d
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Figure B.54: TIC 14440192 vetting plots of the fourth transit.
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B.11 TIC 306263608

Coordinates TIC 306263608 - Sector 17
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Figure B.55: TIC 306263608 Field of view plot sector 17.

s Coordinates TIC 306263608 - Sector 42
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Figure B.56: TIC 306263608 Field of view plot sector 42.
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Coordinates TIC 306263608 - Sector 43
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Figure B.57: TIC 306263608 Field of view plot sector 43.

Vetting of TIC 306263608 single transit no. 0 at T0=1779.2d
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Figure B.58: TIC 306263608 vetting plots of the first transit.

TIC 306263608 Transits depth analysis T0=1779.2 P=22.04d
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Figure B.59: TIC 306263608 single-transits depths plot.
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